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INTRODUCTION
Vaccinia viruses are robust eukaryotic expression vectors that have been used for a number of different studies in biochemistry, cell biology, and immunology. Poxviruses, which include vaccinia virus, have several advantages for use as expression or vaccine vectors, including their large insertion capacity, their cytoplasmic site of replication, and the relatively high expression levels and proper posttranslational modifications of foreign proteins.
Most vaccinia virus strains, such as the ones used in the smallpox eradication campaign, readily replicate in human cells and have been associated with a range of clinical complications in vaccinees. This fact is presently considered a major problem for the use of these strains as recombinant vaccines for mass vaccination. For laboratory use, in addition to mandatory biosafety level 2 procedures, proper precautions must be taken to prevent accidental exposure when managing replicationcompetent vaccinia strains.
To circumvent the problems associated with "classical" vaccinia virus strains, several laboratories have been increasingly involved in the use of more attenuated, host-restricted virus strains. Among these, modified vaccinia Ankara (MVA) has elicited considerable interest because of its excellent safety record in humans (1) (2) (3) (4) . In addition to being a promising vector for the construction of poxvirusbased recombinant vaccines, one appealing application of MVA is its use as an expression vector that can be used under biosafety level 1 laboratory conditions.
Isolation of MVA recombinants is usually more difficult and takes more time than isolation of recombinants based on other vaccinia strains. First, because of the limited virus host range, virus plaquing and amplification has to be done in primary chick embryo fibroblast (CEF) cultures or in the baby hamster kidney (BHK)-21 susceptible cell line. Second, virus plaques are difficult to visualize by vital staining and, as a consequence, alternative methods such as immunostaining of the monolayers are required.
Several marker genes, such as β-galactosidase, β-glucuronidase, and Escherichia coli gpt have been used in recombinant MVA technology (5-8).
More recently, a system based on the transient incorporation of a host range gene (K1L) into the MVA genome was developed (9) (10) (11) . The K1L gene allows the virus to multiply in rabbit kidney RK13 cells (12) , thus allowing the efficient removal of parental virus by passaging the virus in RK13 cells. With this system, the final steps in recombinant MVA isolation involve the removal of the K1L gene, a process carried out in susceptible cells in the absence of selection (11) . Similarly, the viral gene E3L can be used as a selective genetic marker because expression of E3L is required for growth in CEF (13) .
We have adapted a selection system based on virus plaque formation originally designed for vaccinia virus (strain WR) recombinants (14) . The system takes advantage of the nonplaquing phenotype of vaccinia virus F13L deletion mutants (15, 16) . The insertion of the foreign gene is achieved along with the reintroduction of gene F13L using the restoration of the plaquing phenotype as the selective condition. Virus recombinants isolated by F13L selection have the original MVA genetic background, making it unnecessary to eliminate the selective marker gene.
MATERIALS AND METHODS

Cells, Virus, and Plasmids
BHK-21 cells were obtained from the ATCC (ATCC-CCL10) and were grown in BHK medium (Invitrogen, Carlsbad, CA, USA) containing 5% fetal bovine serum (FBS), 3 g/mL tryptose phosphate broth, and 0.01 M HEPES. The cells were mantained in a 5% CO 2 atmosphere at 37°C. The infection/transfection protocol, plaque purification, and virus amplifications were carried out as previously described (17, 18) . Plasmid pRBdsRed is a derivative of pRB21 (14) , which contains a functional F13L, flanking sequences, and the dsRed gene downstream of a synthetic vaccinia early/late promoter.
Fluorescence Microscopy
Cells expressing autofluorescent proteins were visualized under a Nikon Eclipse TE-200E inverted microscope (Nikon, Tokyo, Japan) provided with a 100 W mercury lamp. Green fluorescent protein (GFP) fluorescence was detected using a fluorescein isothiocyanate (FITC) filter set (excitation, 465-495 nm; dicroic mirror, 505 nm; and emission, 515-555 nm). dsRed fluorescence was detected using a tetramethyl rhodamine isothiocyanate (TRITC) filter set (excitation, 515-560 nm; dicroic mirror, 575 nm; and emission over 590 nm). Digital photographs were captured using either a monochrome ST-7 camera (Santa Barbara Instrument Group, Santa Barbara, CA USA) or a Retiga Exi 12-bit monochrome digital camera (Qimaging, Burnaby, BC, Canada).
Plasmid Construction
Plasmid pMVARed was constructed from plasmid pRBdsRed (containing the dsRed2-N1 gene from BD Biosciences Clontech, Mountain View, CA, USA) by replacing the sequences derived from vaccinia WR (including F13L gene and flanking sequences) by F13L flanking sequences from MVA. First, a fragment containing left-flanking sequences of the F13L gene was amplified by PCR from the MVA genome using primers 5′-GGG GCATGCGATAAAGTTTCGAAAC AGCAAA-3′ (SphI site underlined) and 5′-CATTTTGCTCGAGCAGGT ACCGGTGCAA-3′ (XhoI site underlined). After SphI/XhoI digestion, the fragment was inserted into the corresponding sites in plasmid pRBdsRed to generate pMVA L -Red. Then, a fragment containing a right-flanking sequence of F13L was amplified by PCR from the MVA genome using primers 5′-GAGAGAGCTCGGGT ATCTAGCCACAGTA-3′ (SacI site underlined) and 5′-GCGCCCACAA TGCATCTCTAGATATGTA-3′ (NsiI site underlined), digested with SacI and NsiI, and inserted between the SacINsiI sites of plasmid pMVA L -Red. The resulting plasmid, pMVA-Red, contains a dsRed cassette flanked by MVA F13L flanking sequences.
Plasmid pMVA-rsGFP, designed to mediate the insertion of F13L and a red-shifted GFP (rsGFP; Quantum Biotechnologies, Montreal, Canada) cassette into the F13L locus of vaccinia MVA was constructed as follows. pMVA-p37-Red was constructed by replacing the left F13L flank in pMVARed by a fragment containing the left F13L flank and the complete F13L gene. This fragment was amplified by PCR from MVA DNA using oligonucleotides 5′-GGGGCATGCGATAA AGTTTCGAAACAGCAAA-3′ (SphI site underlined) and 5′-CCCCTCGA GTTATATCTTAAGACTCTTTGAA TGTGAGCTCACCCAATCTCTCTC AAATATTTTTTTAGC-3′ (XhoI site underlined). Finally, the dsRed cassette in pMVA-p37-Red was replaced with an XhoI/BamHI fragment containing a rsGFP gene cassette derived from pRBrsGFP (19) to produce pMVA-rsGFP.
pMVA-βGus was constructed by replacing the rsGFP cassette with a fragment containing a polylinker, the sequence of the β-glucuronidase gene, and a synthetic vaccinia virus early/late promoter from plasmid pRB-βGus (20) . This was achieved by cloning an XhoI/BamHI fragment from plasmid pRB-βGus into the XhoI/BamHI sites of plasmid pMVA-rsGFP.
Isolation of F13L Deletion Mutant
MVAΔF13L was isolated through recombination of pMVA-Red into the MVA genome. Briefly, 1 × 10 6 BHK-21 cells were infected with vaccinia virus MVA in fresh BHK medium containing 2% fetal calf serum (FCS) at a multiplicity of infection (MOI) of 0.05 plaque-forming units (pfus) per cell and were transfected with 2 μg of the plasmid pMVARed using FuGENE ® 6 Transfection Reagent (Roche Applied Science, Indianapolis, IN, USA). Dilutions of progeny virus were used to infect BHK-21 monolayers in 6-well plates that were maintained at 37°C for 3 days under an agarose overlay.
Plaque-forming viruses were selected by plaquing the progeny under an agarose overlay. Following a 3-day incubation, large plaques were selected. After a total of three rounds of plaquing, virus stock was cloned by limit dilution in BHK-21 monolayers in 96-well plates. Small plaques showing red fluorescence were harvested and amplified by five cycles of infection in BHK-21 cells.
Isolation of MVA Recombinants
Monolayers of approximately 10 6 BHK cells in 6-well plates were infected with MVAΔF13L at a MOI of 0.05 pfu/cell. At 1 h postinfection, the virus inoculum was removed, and the cells were transfected with 2 μg of a plasmid containing the F13L gene (pMVA-rsGFP or pMVA-βGus) 
RESULTS AND DISCUSSION
Isolation of MVAΔF13L
F13L deletion mutants in vaccinia virus strains WR and IHD-J have a strict small plaque phenotype (15, 16) . Because MVA has a conserved F13L gene (99.5% amino acid identity with WR F13L protein), we predicted that deletion of the F13L gene would have a similar effect in MVA. To inactivate the gene, we chose to replace most of the F13L coding sequence with a red fluorescent protein (dsRed) gene that, in addition to allowing identification of virus mutants, could facilitate the visualization of tiny plaques or even single infected cells. With this aim, we constructed plasmid pMVA-Red, which contains recombination flanks for the F13L gene and the dsRed gene under the control of a vaccinia promoter, in place of the F13L coding sequence. Recombination of this plasmid with the vaccinia MVA genome rendered virus recombinants that produced large plaques displaying red fluorescence (data not shown). One of these viruses, presumed to be the result of a single recombination event (F13L + , dsRed + ; see Figure 2B ), was isolated by three consecutive rounds of plaque purification in BHK-21 cells. After amplification, the virus stock was cloned by limit dilution in an attempt to detect and isolate small virus plaques that would potentially be stable double recombinants (F13L -, dsRed + ). After 3 days of infection, single wells that contained tiny fluorescent spots (fewer than 20-30 cells) and no large infected areas were selected, harvested, and amplified. Of the six clones amplified, one representative was termed MVAΔF13L and chosen for further characterization. 
Characterization of MVAΔF13L
Insertion of the marker dsRed gene into the F13L locus was confirmed by PCR (data not shown). Western blot analysis with antibody to F13L confirmed the absence of the F13L protein in MVAΔF13L-infected cells. The lack of staining was not due to strain differences because MVA F13L protein reacted with the antibody, as revealed by the presence of a protein with the expected electrophoretic mobility in extracts from cells infected with the parental MVA ( Figure 1A) .
In order to study the effect of the F13L deletion on MVA, we determined extracellular virus formation and plaque formation by MVAΔF13L. Similarly to other vaccinia strains, F13L deletion resulted in a dramatic effect on plaque formation because only tiny virus plaques (detected as clusters of cells showing red fluorescence) were seen even after prolonged incubation ( Figure 1C ). In contrast, larger, comet-shaped plaques were visible at 2-3 days postinfection under the microscope when infecting with a F13L+ MVA virus expressing GFP. F13L deletion also affected extracellular virus formation because virus infectivity recovered in the medium of MVAΔF13L-infected BHK-21 cells was reduced almost 6-fold compared with parental MVA (Figure 1B) . These results are in agreement with observations reported for vaccinia strains WR and IHD-J and indicate that F13L deletion results in a block of enveloped virus release and cell-to-cell transmission.
Design of an F13L Cloning System for MVA
The phenotype of MVAΔF13L suggested that F13L could be used as an efficient selective marker for the isolation of MVA recombinants. Thus, we constructed a plasmid that incorporates the F13L gene and flanking sequences to mediate restoration of the gene into its original locus by homologous recombination. In addition, a synthetic early/late vaccinia promoter was placed downstream of the F13L gene to achieve expression of foreign genes. Plasmids pMVA-rsGFP and pMVA-βGus incorporate marker genes GFP and β-glucuronidase, respectively, downstream of the vaccinia promoter (Figure 2A ). Plasmid pMVArsGFP has an NheI site immediately downstream of the initiator ATG, and thus can be used to express in-frame open reading frames. Alternatively, the EcoRI site in pMVA-βGus can be used to clone complete open reading frames including their initiator ATG.
Isolation of Recombinant MVA Using F13L Selection
To monitor the selection process, we made use of GFP as the foreign gene to be inserted into MVA. Thus, virus MVAΔF13L and plasmid pMVArsGFP were employed for infection/ transfection experiments. Because parental virus expressed dsRed and the plasmid contained a GFP cassette, viruses harboring different recombination products (see Figure 2B ) could be visualized during virus passages by inspection under the fluorescence microscope ( Figure 2C ). As mentioned above, parental MVAΔF13L virus appeared as small infected foci displaying only red fluorescence. In contrast, recombination products could be easily identified because of their larger plaque size and green fluorescence. The use of two fluorescent markers also facilitated to distinguish the viruses arising from single recombination events and the more stable "double recombinants" because the former retained both green and red fluorescence whereas the double recombinants only displayed GFP fluorescence.
Plasmid pMVA-rsGFP was transfected into cells previously infected with MVAΔF13L to allow for recombination of the plasmid and the viral genome to occur. To test the efficiency of F13L selection, five consecutive virus passages were carried out in BHK-21 cells, and the titer of single and double recombinants after each passage was determined (Figure 3) . Parallel experiments were performed using either 1/100th of the total progeny virus or 1/10th of the extracellular virus as the inoculum for the next round of infection, with similar results. During passages, infected cultures were maintained for 2-3 days, until cytopathic effect was evident, and then used for the next round of infection. Finally, to determine the composition of the virus population after each round, samples from each of the passages were diluted, plaqued on fresh monolayers of BHK-21 cells, and inspected by fluorescence microscopy. The starting virus population (virus progeny from the initial infection-transfection) contained approximately 0.1% virus recombinants. Passages increased the titer of virus recombinants, which outgrew the parental virus after the second passage. After the third passage, it was not possible to accurately determine the titer of parental virus due to the high titer of single and double recombinants. After four or five passages, the virus population consisted almost exclusively in virus recombinants, of which the overwhelming majority were double recombinants. These results indicate that the selection procedure is efficient and can be completed in 10-14 days.
The above experiment was carried out with an easily recognizable marker protein (GFP) that can be followed during the infection. To test F13L selection without monitoring foreign gene expression, we repeated the selection procedure using the β-glucuronidase gene. To blindly test the procedure, the passages were performed without applying β-Gus staining. After selection, dsRed-negative viruses from passages 4 and 5 were cloned by limit dilution, expanded, and checked for β-glucuronidase activity. In this experiment, 12 of 12 virus clones expressed β-glucuronidase (data not shown), confirming that the selection procedure described here can be done without monitoring for foreign gene expression and further confirms that 4-5 passages in BHK-21 cells result in a high proportion of virus recombinants.
The above results illustrate the usefulness of the F13L selection system. When using classical vaccinia methods, isolation of recombinant MVA is more difficult than with other widely used vaccinia virus strains because of its strict host restriction, slower growth, and poor plaquing. To facilitate the process, several selection methods have been described. Of these, the most efficient rely on the introduction of host range genes K1L and E3L, followed by culture on the appropriate cells. The F13L selection system described here relies on a different concept and takes advantage of the observation that F13L deficiency results in a severe block in virus transmission. By reintroduction of F13L, selection of virus recombinants only requires one series of blind passages, which can be monitored by cytopathic effect and red fluorescence, and can be done entirely in susceptible cells (BHK-21 or CEF). It is important to bear in mind that recombination of the vaccinia genome with a circular plasmid may result in single recombinants, with the transient integration of the whole plasmid. In this respect, the use of MVAΔF13L as the parental virus has the advantage that single recombinants can be easily recognized because of their red fluorescence, together with the large plaque phenotype.
The protocol presented here concludes with an almost homogeneous population of stable MVA recombinants containing a small proportion of single recombinants. The subsequent steps after applying selection may vary according to the use intended for the MVA recombinant. In some cases, the final population may be adequate to perform expression experiments. Alternatively, where homogeneity of the population is required, a final viruscloning step can be easily done from the virus stock after selection. 
